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An analytical method based on matrix-assisted laser desorption ionization (MALDI) time-of- 
flight mass spectrometry has been developed to provide information on oligomer structure, 
average molecular weight, and molecular weight distributions of polydienes (e.g., polybuta- 
diene and polyisoprene), an important class of industrial polymers. This MALDI method 
involves the use of all-trans-retinoic acid as the matrix, copper (II) nitrate as the cationization 
reagent, and tetrahydrofuran s the solvent. The incorporation of this copper salt generates 
Cu * adducts with the polymer chains. It also improves the signal strength and extends the 
upper mass range when used with alI-trans-retinoic acid, as compared to silver nitrate. With 
this formulation, it is demonstrated that polybutadienes of narrow polydispersity with masses 
up to 300,000 u and polyisoprenes of narrow polydispersity with masses up to 150,000 u can 
be analyzed. The upper molecular weight limit is set by the requirement of using higher 
matrix-to-polymer ratios with increasing polymer molecular weight, to the point where the 
instrument can no longer detect he small quantity of polymer present in the matrix host. It is 
also shown that this sample preparation generates previously unreported adduction behavior. 
The practical implications of this adduction behavior on polymer structural analysis, accuracy 
of molecular weight determination, and the upper molecular weight limit of oligomer 
resolution are discussed. It is illustrated that, in a linear time-lag focusing MALDI instrument, 
oligomer resolution can be obtained for polydienes with molecular weights up to 24,000, 
providing structural confirmation of the end-groups and the repeat unit. The average 
molecular weights of a number of polydienes of narrow polydispersity determined by MALDI 
are compared to those obtained by gel permeation chromatography, and discrepancies are 
noted. (J Am Soc Mass Spectrom 1997, 8, 1220-1229) © 1997 American Society for Mass 
Spectrometry 
M 
atrix-assisted laser desorption ionization 
(MALDI) mass spectrometry (MS) is being 
developed as a tool for polymer characteriza- 
tion. Compared with analytical techniques currently 
used for polymer molecular weight analysis, MALDI 
MS provides several unique features. In MALDI MS, 
molecular weight and molecular weight distribution 
information can be obtained for polymers of narrow 
polydispersity with precision and speed [1-3]. The 
accuracy, although difficult to determine due to the lack 
of well-characterized standards, appears to be good as 
well [4-9]. The MALDI analysis of polymers does not 
require the use of polymer standards for mass calibra- 
tion. Furthermore, this technique uses a minimum 
amount of solvents and other consumables, which 
translates into low operational costs. MALDI MS can 
also provide structural information, if the instrumental 
resolution is sufficient o resolve oligomers. In this case, 
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monomer and end-group masses can be deduced from 
the accurate measurement of the mass of individual 
oligomers [10-13]. Impurities, by-products, and subtle 
changes in molecular weight distributions can often be 
detected even for relatively complex polymeric systems 
such as copolymers [14]. With the introduction of 
MALDI time-of-flight (TOF) instruments based on time- 
lag focusing, structural information can now be ob- 
tained for polymers of higher masses. For example, 
oligomer resolution can be obtained for polystyrene 
with a mass of at least 50,000 u [9]. 
The applicability of the MALDI method is very much 
dependent on the availability of a suitable sample/ 
matrix preparation protocol for a given polymeric sys- 
tem. Unlike protein analysis by MALDI, in which 
analyte ionization is generally achieved by protonation, 
the ionization of industrial or synthetic polymers is 
achieved usually through other monovalent cations 
(e.g., Na +, K +, Ag+). At present, the analysis of differ- 
ent classes of polymers requires considerable effort in 
searching for combinations of matrices and cationiza- 
tion reagents that allow for a large mass range of 
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analysis and uniformity of detection from oligomer to 
oligomer. Recent work on the dependency of average 
molecular weight on sample preparation and cation 
type points to the importance of a suitable preparative 
procedure [15, 161. A "suitable" procedure can be 
defined as one that generates ignals for polymers of 
narrow polydispersity across as large a mass range as 
possible, and that gives rise to accurate molecular 
weight information with high precision. These are re- 
quirements if the MALDI data are to be used for quality 
control, reaction monitoring, and product characteriza- 
tion. 
We are developing MALDI methodology for the 
analysis of industrially significant polyolefins over as 
broad a mass range as possible. Although current 
MALDI-TOF technology does not appear to allow for 
the accurate, direct analysis of polymers with a high 
polydispersity (>1.1) [5, 17, 18], when coupled to frac- 
tionation methods uch as gel permeation chromatog- 
raphy (GPC), MALDI still functions as a labor-saving 
and accurate detection system [19, 20]. Our work has 
focused on method development for polystyrene, poly- 
butadiene, and polyisoprene analysis. Among these 
polymers, polystyrene has been successfully analyzed 
by MALDI up to molecular weights of approximately 
1.5 million [8]. This was achieved with the use of 
all-trans-retinoic acid as the matrix and silver nitrate as 
the cationization reagent. The aromatic rings in the 
polystyrene chain provide a favorable attachment site 
for the silver ion during the desorption/ionization 
process [21]. Nonaromatic polyolefins are more difficult 
to analyze. Although part of the reason for this may be 
due to a lack of the proper matrix for the desorption 
event, it is also likely related to the difficulty in gener- 
ating a polymer-ion adduct. In the extreme case in 
which polymers such as polyethylene and polypro- 
pylene contain little or no unsaturation, one could 
expect hat the cationization process would not proceed 
efficiently. 
A recent report has indicated the difficulty in ana- 
lyzing polybutadienes and polyisoprenes with masses 
above 10,000 u [22]. In this work, we report an im- 
proved MALDI method for the analysis of these poly- 
mers, based on copper cationization. Issues relevant o 
the upper molecular weight limit in the MALDI analy- 
sis of polybutadiene and polyisoprene are discussed in 
the context of sample preparation and detection sensi- 
tivity. 
Experimental 
Instrumentation 
Two different MALDI TOF mass spectrometers were 
used for this work, depending on the information 
sought. For high resolution experiments, mass spectral 
data were collected on a linear timeqag focusing 
MALDI TOF mass spectrometer. The basic construction 
of the instrument has been described elsewhere [23]. 
The instrument has since been modified to operate up 
to 30 kV for ion extraction and features a four-plate 
source design with a grid inserted on the repeller side of 
the first extraction plate, pulsed ion extraction for 
time-lag focusing, and a 1-m linear flight tube. The ions 
are generated using the 337 nm laser beam from a 
nitrogen laser, having a pulse width of 3 ns (model VSL 
337ND, Laser Sciences Inc., Newton, MA). Laser fluence 
was maintained slightly above ion detection threshold 
in all analyses. A microchannel p ate detector was used 
for ion detection and a Hewlett-Packard MALDI data 
system was used for mass spectral recording and data 
processing. This data system is a modified version of 
the software used for the HP Model G2025A MALDI 
TOF mass spectrometer, in which the instrument con- 
trol features have been disabled. In general, mass spec- 
tra from 50 to 100 laser shots were summed to produce 
a final spectrum in this study. All data were further 
processed using the Igor Pro software package (Wave- 
Metrics, Lake Oswego, OR). A correction of 1 / (dm/dt)  
was applied to the data to prevent a skewed appearance 
of the polymer distribution in the mass domain [17, 18, 
24]. Average molecular weights (M~, Mw) were deter- 
mined from the mass domain according to the follow- 
ing equations: 
M~ = "£(NiMi) /ENi, 
Mw = E(NiM2)/ENiMi •
The polydispersity, PD, was determined from a ratio of 
Mw to M~. Average molecular weights were corrected 
for the contribution of the cation. The stated average 
molecular weights and relative standard deviations 
(RSDs) in this study were determined from five sepa- 
rate sample loadings. 
For the sensitive detection of high molecular weight 
polymers, the Hewlett-Packard Model G2025A MALDI 
TOF mass spectrometer (Palo Alto, CA) was used. 
Samples and Reagents 
Polystyrene with an M~ of 90,000 was purchased from 
Aldrich Chemical Co. (Milwaukee, WI). Four polybuta- 
diene samples with M~'s of 6200, 13,400, 129,360, and 
315,200, as well as four polyisoprene samples with M~'s 
of 38,500, 84,200, 137,000, and 144,800 were purchased 
from Polymer Source, Inc. (Dorval, Quebec, Canada). 
Polybutadienes with M,,'s of 2800, 22,430, and 400,000, 
as well as polyisoprene samples with M, 's of 3280, 
10,500, 19,300, and 57,726 were from Polysciences, Inc. 
(Warrington, PA). All M~'s were determined by GPC, 
and provided by the manufacturer. These samples 
contain both 1,2, and 1,4 content. All matrices used 
were purchased from Aldrich. Silver nitrate was from 
Terochem Laboratories Ltd. (Edmonton, Alberta, Can- 
ada). Copper nitrate was from J. T. Baker Chemical Co. 
(Phillipsburg, NJ). Copper (II) chloride and copper (II) 
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acetate were purchased from Fisher Scientific Co. (Fair 
Lawn, NJ). Bovine insulin b-chain, bovine ubiquitin, 
equine cytochrome c and bovine carbonic anhydrase 
used in the calibration were obtained from Sigma 
(Milwaukee, WI). Tetrahydrofuran (THF) was obtained 
from VWR (Toronto, Ontario, Canada), treated with 
potassium hydroxide, and then distilled in the presence 
of sodium metal. 
Sample Preparation 
Polymer samples for MALDI analysis were prepared by 
combining the analyte, matrix, and cationizing agent 
solutions. The polymer samples were dissolved in THF 
to prepare stock solutions with concentrations of ap- 
proximately 5 mg/mL. Matrix was prepared to 0.15 M 
in THF. The concentration of analyte in the final solu- 
tion ranged from 30 nM to 200 /xM, depending upon 
molecular weight, with the matrix concentration main- 
tained at approximately 0.14 M. Copper salts were 
dissolved in water to 0.1 M and silver nitrate was 
dissolved in ethanol to 0.15 M. Typically, 1 /zL of the 
appropriate salt solution was added to 100 ~L of the 
polymer-matrix solution. After brief mixing of the ana- 
lyte, matrix, and cationization reagent, 0.3 to 1.0/xL of 
the mixture was added to the MALDI probe tip and 
allowed to air-dry. 
Mass calibrations were performed externally. For the 
lower molecular weight species (<5000 u), calibration 
was achieved with accurately characterized poly(ethyl- 
ene glycol)s, by using the same matrix as the polymeric 
analyte, but with sodium cationization. Between 5000 u 
and 80,000 u, the above-listed protein standards were 
used for calibration. In this case, a solution of proteins 
was analyzed by MALDI, using sinapinic acid as the 
matrix. The protein samples were dissolved in water to 
prepare a stock solution with concentrations of approx- 
imately 1 /~M for each protein. The sinapinic acid 
solution was prepared to 0.1 M in a solvent containing 
60% CHBCN, 36% MeOH, and 4% H20, and mixed in 
equal volumes with the protein stock solution. Mass 
calibration for high molecular weight species (>80,000 
u) was performed with well-characterized polystyrene 
90,000 as the external standard, analyzed with all-trans- 
retinoic acid as matrix, and silver as the cationization 
reagent. 
Results and Discussion 
It is an objective of our work in polymer analysis to 
develop MALDI sample preparation procedures that 
result in simple and reproducible sample handling. To 
this end, we have focused on a single solution ap- 
proach, in that all components necessary for the MALDI 
analysis are blended together in a common solvent. 
Casting of the solid sample from such a solution relies 
simply on solvent evaporation, and has given rise to 
very reproducible signal strengths and average molec- 
ular weights [2]. Based on the success of all-trans- 
retinoic acid in the analysis of polystyrene [8], this 
matrix was also applied to the analysis of polybuta- 
diene (I) and polyisoprene (II): 
CH3CH2CH(CH3)[CH2CR = CHCH2]nH 
I R = H II R = CH 3 
With this matrix, a number of metal salts were studied 
as potential cationization reagents. These include 
monovalent metal salts, such as LiC1, NaC1, KC1, CsC1, 
and AgNO3, and multivalent metal salts, such as NiClz, 
FeC13, and Cu(NO3) 2. These salts were dissolved in 
water (with the exception of AgNO3, dissolved in 
ethanol) and a small amount added to the THF solution 
of the polymer and matrix. It was found that Cu(NO3) 2 
is the most effective cationization reagent among the 
ones examined, allowing for the strongest signals and 
the largest mass range of analysis. Copper salts have 
been used previously for a number of mass spectral 
investigations, including amino acid analysis by FAB 
[25] and polymer analysis by laser desorption [26, 27]. 
One recent report details the use of CuCla with dithra- 
nol in the MALDI analysis of a low molecular weight 
polystyrene [28]. 
Among the remaining salts, only AgNO3 was suc- 
cessful in generating signals, but only moderately so. To 
illustrate, Figure 1 shows spectra for polyisoprene 3280, 
obtained by using AgNO 3 and Cu(NO3) 2. The signal to 
baseline-noise ratio (S/N) is significantly greater in the 
analysis with copper ions, allowing for a more precise 
determination f oligomer mass and average molecular 
weight. The same conclusion can be reached in a similar 
analysis of polybutadiene 6200 using AgNO 3 and 
Cu(NO3)2, as shown in Figure 2. Note that using ethanol 
or water to solubilize the silver nitrate resulted in 
preparations that were visibly indistinguishable, and 
led to identical signal strengths. It was observed that the 
reduction of the silver ion takes place more slowly in 
ethanol than in water, therefore thanol was used in the 
preparation of stock solutions. It should also be noted 
that, for some polydiene samples, using silver nitrate as 
the cationization reagent produced white precipitates 
upon addition of the salt into the polymer-matrix mix- 
ture (e.g., polybutadiene with an M~ of 2800). Conse- 
quently, no useful MALDI spectra could be obtained. 
We speculate that halide impurities in the polymer 
sample may react with the silver ion to form these 
precipitates. The use of Cu(NO3)  2 does not present such 
a problem. Thus, within the scope of this investigation, 
the optimal MALDI formulation for polydiene analysis 
includes all-trans-retinoic acid as the matrix, Cu(NO3) 2 
as the cationization reagent, and THF as the solvent. 
Other water soluble divalent copper salts such as CuC12 
and Cu(CH3COO)2 were  successful, but did not dem- 
onstrate any signal enhancement over  Cu(NO3) 2. 
With Cu(NO3) 2 as the cationization reagent, the 
determination of individual oligomer masses indicates 
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Figure 1. MALDI mass pectra of polyisoprene 3280 obtained by 
using all-trans-retinoic acid with (A) AgNO 3 and (B) Cu(NO3) 2as 
the cationization reagents. 
that the principal distribution is generated from Cu + 
ion attachment. For example, the masses of three arbi- 
trarily selected ions across the distribution of polybuta- 
diene 6200 (Figure 2B) were measured to be 5260.8, 
5800.6, and 6071.9. According to the structure of mono- 
sec-butyl/monohydrogen polybutadiene (1), the calcu- 
lated masses for these ions with Cu + attached are 5260.6 
(repeat unit n = 95), 5801.4 (n = 105), and 6071.8 (n = 
110), respectively. The mass error ranged from 0 to 150 
ppm across the distribution, averaging 100 ppm. This is 
typical for polymer analysis at this mass, with the 
current instrument design. We speculate that the gen- 
eration of [polymer+Cu] + species is induced upon 
desorption into the gas phase. Many matrices have been 
noted to generate radical species upon irradiation [29]. 
Therefore, laser irradiation of the solid sample would 
generate a gas plume containing free electrons and 
radical forms of the matrix capable of reducing Cu a+ to 
Cu ÷. Solution chemistry has many examples of the 
formation of alkene-Cu + complexes, while Cu 2+ com- 
plexes are rare or unknown [30]. Thus, it is reasonable 
to propose a coupled desorption/reduction step for the 
generation of Cu + that is capable of interacting with 
alkenes. If appreciable Cu ÷ were generated in the 
solution phase during sample handling, one would 
expect precipitation of the highly insoluble CuC1 salt, in 
the case of the addition of CuC12 as the cationization 
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Figure 2. MALDI spectra of polybutadiene 6200 obtained by 
using all-trans-retinoic acid as matrix, with (A) AgNO 3 and (B) 
Cu(NO3) 2 as the cationization reagents. 
reagent. This was not observed; in fact, a solution of 
polymer, matrix, and CuC12 is stable for many days. 
The spectra in Figures 1B and 2A and 2B reveal a 
common occurrence in the high resolution analysis of 
polymers by MALDI, namely, the appearance of distri- 
butions of lower intensity in addition to the principal 
distribution. Such secondary distributions could be due 
to cation adduction with different ionic species and/or  
the presence of other polymeric species with different 
end-group structures. Although unambiguous assign- 
ment of the polymer structure based solely on the 
oligomer mass information generated by MALDI is not 
possible, structural confirmation, or evidence of consis- 
tency with a proposed structure, can be obtained from 
the MALDI analysis. However, a lack of knowledge 
regarding the cation adduction behavior of the matrix 
in use could give rise to an inaccurate assignment of a 
structure with a different end-group than the main 
polymer distribution. Furthermore, when additional 
adduction behavior is observed, spectral congestion 
increases and it becomes difficult to assess whether 
polymers of different end-group chemistries are present 
or not. This has been observed in the analysis of 
poly(ethylene glycol)s (PEGs), when potassium adducts 
arise in addition to the predominant sodium adducts 
[10]. Measures are usually taken to suppress the addi- 
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tional distribution. In the case of PEG analyses, this can 
involve purification for potassium removal or the addi- 
tion of excess sodium cation. 
The multiple adduction behavior observed in the 
analysis of polybutadiene and polyisoprene is quite 
unique, as the secondary distributions in the MALDI 
spectra ppear to arise from the same type of inorganic 
cation, with the addition of salt clusters. Investigation of
the spectra corresponding to copper ionization of both 
polyisoprene (Figure 1B) and polybutadiene (Figure 2B) 
reveals apparent mass shifts of 22.4 u for polyisoprene 
and 38.4 u for polybutadiene. These shifts are measured 
as positive deviations from the nearest oligomer of 
lower mass in the principal distribution. This is consis- 
tent with the generation of salt cluster complexes, 
similar to what has been observed in the electrospray 
ionization of polystyrene [28]. For the above polymers, 
it takes the form of [polymer+Cu(copper r tinoate)] +. 
In both cases, this amounts to an actual shift of 363.0 u 
with respect to the principal distribution of 
[polymer+Cu] +. For polybutadiene, this is consistent 
with the observed mass shift of 38.4 u plus six repeat 
units of 54.09 u. This behavior is also observed for silver 
cationization of polybutadiene, where a second distri- 
bution appears with an apparent mass shift of 28.7 u 
from the principal distribution (Figure 2A). Identifying 
this distribution as arising from [polybutadiene+Ag 
(silver retinoate)] + leads to an actual mass shift of 407.3 
u that agrees with the apparent shift. This consistency in
the structural assignment of the secondary distributions 
in Figures 1 and 2 strongly suggests that polydiene 
analysis with all-trans-retinoic acid leads to clustering of 
the analyte with matrix salts. 
It is also possible for this class of polymers to form 
adducts involving the counterion of the added inor- 
ganic salt. This is illustrated in Figures 3A and B. By 
USing CuC12 as the cationization reagent and all-trans- 
retinoic acid as the matrix, a secondary distribution in 
the MALDI analysis of polyisoprene 3280 is observed, 
in addition to the principal [polymer+ Cu] + distribution 
(Figure 3A). With an apparent mass shift of 30.9 u, this 
is consistent with a structural assignment of 
[polyisoprene +Cu(CuC1)] ÷, in that the actual mass shift 
generated from such adduction behavior is 99.0 u. An 
analysis of polybutadiene 2800 by using the same 
cationization reagent leads to a secondary distribution 
conforming to a similar structural assignment (Figure 
3B). In this case, the secondary distribution exhibits an 
apparent mass shift of 45 u. Due to its low intensity and 
presence as a shoulder on the principal distribution, the 
mass shift of this distribution could only be assigned 
with unit mass accuracy. 
The structural assignments discussed above are lent 
validity by the experimental results displayed in Figure 
4. This figure compares the adduction behavior of 
polyisoprene 3280 resulting from different cationization 
reagents. Figure 4A shows four peaks in the secondary 
distribution arising from cationization with Cu(NO3)2, 
with an apparent mass shift of 22.4 u from the principal 
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Figure 3. The effect of the addition of CuC12 on  the observed 
secondary distribution arising from the MALDI analysis of (A) 
polyisoprene 3280 and (B) polybutadiene 2800. 
distribution. Doping molar equivalents of KC1 and 
Cu(NO3) 2 into the polymer/matr ix solution gives rise 
to a spectrum showing two secondary distributions 
(Figure 4B). One distribution is isobaric with the sec- 
ondary distribution of Figure 4A. The other, with an 
apparent mass shift of 30.9 u, is isobaric with the second- 
ary distribution of Figure 4C. This latter spectrum was 
obtained by using CuC12 as the cationization reagent. 
Figure 4B then strongly suggests that both [polyiso- 
prene+Cu(copper retinoate)] + and [polyisoprene+ 
Cu(CuC1)] + are present. A further implication of this 
series of spectra is that chloride ion competes effectively 
with the retinoate anion in the adduction process. 
The accuracy of an average molecular weight deter- 
ruination could be compromised by the presence of 
secondary distributions. If a spectrum cannot be col- 
lected with sufficient resolution, then an average mo- 
lecular weight determination would necessarily include 
all ion forms within the polymer distribution. If the 
secondary distributions are significantly intense relative 
to the principal distribution, the molecular weight de- 
termination will be erroneous. This can be illustrated 
with the spectrum of Figure 1B, in that all oligomer 
forms are resolved. The MR value of the principal 
distribution was measured to be 2780, while that of the 
secondary distribution was measured to be 3137. The 
measurement precision for both distributions are 0.3% 
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Figure 4. The effect of cationization reagent on the appearance of 
the secondary distribution in polyisoprene 3280 by using all-trans- 
retinoic acid with (A) Cu(NO3)2,  (B) Cu(NO3)  2 with KC1 and (C) 
CuCl 2. 
RSD and 0.6% RSD, respectively. When both distribu- 
tions are included in the measurement, the MR value is 
2861 (0.5% RSD). The difference between this value and 
the MR value of the principal distribution (81 u) is 
statistically significant where "significance" is deter- 
mined by the t-test for the comparison of two means (at 
the 99% confidence limit). This suggests that inclusion 
of the secondary distribution will introduce a slight 
error to the MR determination. Nevertheless, it is only in 
the low mass, narrow polydispersity region where this 
difficulty could arise. When the mass increases, the 
increment in MR due to different adduction behavior 
remains the same. This translates into a decrease in the 
percent difference between the MR of principal and 
secondary distributions with an increase in mass. When 
the polydispersity increases, the precision of the M, 
determination becomes worse as well, such that the 
error introduced by the secondary distribution is insig- 
nificant [17, 18]. For those situations where the addi- 
tional adduction behavior could introduce error in the 
analysis of these polymers, a MALDI TOF instrument 
equipped with time-lag focusing capabilities should 
provide sufficient resolution for the extrication of the 
principal distribution from the additional adducts. 
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Figure 5. MALDI mass spectra of (A) polyisoprene 19,300 and 
(B) polybutadiene 22,430 demonstrating optimum resolution. 
A further observation can be made regarding the 
spectrum of Figure lB. Ideally, if the cationization 
efficiency bears the same mass dependency for both 
distributions, the MR of the secondary distribution 
would be 363.0 u greater than that of the principal 
distribution, due to the additional attachment of copper 
retinoate. The observed difference between the mea- 
sured MR values is 357 u. In other words, there is a 
difference of only 6 u between the expected and ob- 
served values for the secondary distribution. Based on 
the t-test for the comparison of means, this is statisti- 
cally insignificant even at the 50% confidence limit. This 
supports the conclusion that the cationization efficiency 
represented in the secondary distribution is similar to 
that of the principal distribution. 
Another complication arising from this adduction 
behavior between copper ions and all-trans-retinoic acid 
is pertinent o the upper mass limit of oligomer esolu- 
tion. Due to this adduction behavior, polymers of 
higher molecular weights are not as well resolved as 
they would be in the absence of secondary distribu- 
tions. Nevertheless, with time-lag focusing MALDI, 
oligomer esolution can still be obtained for polydienes 
with masses up to 24,000. For example, Figure 5 dis- 
plays the spectra of polyisoprene 19,300 and polybuta- 
diene 22,430. In both spectra, individual oligomers are 
partially resolved, sufficiently so as to confirm the basic 
polymer type (repeat unit and endgroups). The addi- 
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Figure 6. MALDI spectrum of polyisoprene 3280 by using 
dithranol as matrix with Cu(NO3) 2. 
tional adduct formation experienced with the use of 
Cu(NO3)2 prohibits baseline resolution. 
Several other matrices sometimes used in the 
MALDI analysis of nonpolar polymers were tested in 
combination with Cu(NO3) 2 as the cationization re- 
agent. It was found that 1,4-bis(5-phenyloxazol-2-yl) 
benzene (POPOP), 5-chloraslicylic acid, trans-3-indole- 
acrylic acid, trans, trans-l,4-diphenyl-l,3-butadiene and 
2-(4-hydroxyphenylazo)benzoic acid (HABA) either did 
not show any analyte signals or showed very weak 
signals. Dithranol was found to provide strong signals 
for low molecular weight polydienes (Mn < 20,000), 
but failed to generate signals for higher molecular 
weight polydienes. Using copper salts with dithranol 
did not lead to any enhancement i  signal intensity over 
the use of silver salts, as it does with all-trans-retinoic 
acid. This matrix would appear to be a viable alterna- 
tive to all-trans-retinoic a id in the low mass range, as it 
is less prone to the formation of adducts with matrix 
salts, although the same problem with CuC1 adduction 
exists. For example, Figure 6 shows a spectrum of 
polyisoprene 3280 analyzed from dithranol doped with 
Cu(NO3) 2, The Mn value from the principal distribution 
was measured to be 2649 (1.0% RSD). This spectrum 
reveals a small distribution with an apparent mass shift 
of 30.9 u, consistent with the formation of [polyiso- 
prene+Cu(CuC1)] +, generating an actual shift of 99.0 u. 
A third, even weaker distribution is in evidence, with 
an apparent mass shift of 16.3 u. Analogous to the 
situation with all-trans-retinoic acid, this is consistent 
with the formation of [polyisoprene+Cu(copper- 
dithranol)] +, generating an actual mass shift of 288.8 u. 
Therefore, this adduction behavior is not unique to 
all-trans-retinoic acid. Considering all ion forms in the 
measurement of M~ results in a value of 2669 (1.0% 
RSD). These secondary distributions are sufficiently 
weak such that they do not interfere with the measure- 
ment of an accurate average molecular weight. 
Nevertheless, note the discrepancy between the M~ 
values of the principal distributions as determined by 
all-trans-retinoic a id (2780, RSD --- 0.3%, Figure 1B) and 
dithranol (2649, RSD = 1.0%). A small but contributing 
factor to this discrepancy arises from the increased 
chemical noise in the low mass tail of the all-trans- 
retinoic acid analysis. More lower mass oligomers are 
distinguishable in the analysis based upon dithranol. 
However, determining M, for both principal distribu- 
tions using a common starting point of approximately 
1820 u results in values that still differ by 98 u, with the 
all-trans-retinoic acid analysis still giving the higher 
value. The most probable peak (Mp) values also indi- 
cate a shift of approximately 100 u. These shifts are 
significant by the t-test (at the 99% confidence limit), 
and could arise from differences in polymer desorption 
and/or  ionization efficiencies imparted by the different 
matrixes. Average molecular weights obtained using 
dithranol would seem less reliable than those obtained 
using all-trans-retinoic acid. This conclusion is reached 
from an assessment of the upper mass limits of each 
preparation. For dithranol, no signals for polyisoprene 
could be obtained above 20,000 u. For all-trans-retinoic 
acid, this limit is approximately 150,000 (see below). 
Desorption/ionization efficiency is expected to dimin- 
ish in both cases, as the oligomers in a polymer distri- 
bution approach the upper mass limits. As the mass 
limit for dithranol is much lower than for all-trans- 
retinoic acid, the reduction in efficiency will be more 
severe, and lead to a greater discrimination against 
higher mass oligomers than for all-trans-retinoic acid. 
Dithranol would be more applicable in the analysis of 
low mass polydienes if the intention of the analysis is to 
investigate different end-group chemistries, particu- 
larly if the chloride contamination could be removed. 
Lower spectral congestion arising from reduced adduct 
formation would allow for a better opportunity to 
identify peaks among the principal distribution. 
As indicated above, although dithranol is a useful 
matrix for low mass polydienes, alI-trans-retinoic acid 
with Cu(NO3) 2 provides a significantly greater molec- 
ular weight detection limit. In our previous MALDI 
work on higher molecular weight polystyrenes, it was 
noted that as polymer molecular weight increases, there 
is a definite need to increase the molar ratio of the 
matrix to the analyte (M/A) in order to generate strong 
polymer signals [8]. The study of polydienes confirms 
such a trend, leading to a conclusion that significantly 
higher M/A's  are generally required for the analysis of 
very high molecular weight species. Figures 7 and 8 
demonstrate he significance of proper M/A selection. 
The spectra in Figures 7A, B, and C correspond to the 
MALDI analysis of polyisoprene 84,200, obtained by 
using decreasing matrix to analyte ratios. By using a 
fixed amount of matrix in all cases, this corresponds to 
a molar polymer loading of 0.05, 0.2, and 100 pmol, 
respectively. The S/N increases with the amount 
loaded up to 0.2 pmol (Figure 7B), whereupon it levels 
off and begins to decrease with a further increase in the 
amount loaded. 
The amount of effort required to generate the spectra 
of Figures 7A, B, and C is indicated by the shots 
accepted to total shot fired ratio (A/F). In each case, the 
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Figure 7. MALDI spectra of polyisoprene 84,200, representing 
(A) 50 fmol loaded, (B) 200 fmol loaded, and (C) 100 pmol loaded. 
Ratios represent A/F, the number of acceptable shots to total 
shots fired. 
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Figure 8. MALDI spectra of polybutadiene 129,360, representing 
(A) 25 fmol loaded, (B) 115 fmol loaded, and (C) 3.4 pmol loaded. 
Ratios represent A/F, the number of acceptable shots to total 
shots fired. 
goal of the data collection was to generate a summed 
spectrum with the highest S /N possible. An individual 
shot was deemed acceptable when it generated a S/N 
greater than 3. The more sensitive formulations can 
generate observable signal for 50 shots or more per 
spot. However, at each laser position, shots were fired 
until a consistent reduction in S /N was observed, at 
which point the laser was advanced to a fresh spot. For 
the more sensitive preparations, the point of advance- 
ment was arbitrarily set to a S /N one third of the 
maximum obtained for that particular spot. For the 
poorer formulations, such a criterion meant that the 
signal became unobservable. In this situation, the point 
of advancement occurred -10  shots after the signal 
became unobservable. Note that the optimal loading 
represented by Figure 7B was obtained from 289 shots, 
significantly lower than the two other preparations. 
This spectrum could be obtained from one sample 
loading on the Hewlett-Packard MALDI system, 
whereas the spectra arising from the two other prepa- 
rations required six (Figure 7A) and seven (Figure 7C) 
sample loadings. The same trends can be observed in 
Figures 8A, B, and C, for the analysis of polybutadiene 
129,360. In this case, an optimum was reached at 115 
fmol (Figure 8B, three sample loadings). The spectrum 
of Figure 8A was obtained from six sample loadings, 
while the spectrum of Figure 8C required seven sample 
loadings. 
One important implication of optimum polymer 
loading concerns the measurement of average molecu- 
lar weight. An inspection of the three polybutadiene 
spectra reveals a high mass tail that only appears at the 
highest S /N (Figure 8B). An Mn value of 109,300 and a 
PD of 1.0038 was calculated from this spectrum, 
whereas an Mn of 105,800 and a PD of 1.0009 was 
obtained from the spectrum of Figure 8C. As the RSDs 
for both M, determinations are approximately 0.6%, 
there is a significant discrepancy between these values 
by the t-test (at the 99% confidence limit). This arises 
from the poor sensitivity of the high mass tail. Thus, 
proper M/A selection is important for the detection of 
the low abundance of oligomers in the distributions. 
Figures 9A and B display spectra for polyisoprene 
137,000 and polybutadiene 315,200 respectively. These 
molecular weights represent close to the highest possi- 
ble for this particular sample preparation procedure. 
This conclusion was reached because the window of 
M/A leading to observable polymer signal is extremely 
small in both cases. As was observed in the case of 
polystyrene, a molecular weight is reached upon which 
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(B) polybutadiene 315,200. 
small increments in the amount loaded results in signal 
suppression, and a reduction of the amount loaded 
proves beyond the sensitivity of the instrument. For 
polyisoprene, this window corresponds to 50-500 fmol 
loaded, with 120 fmol representing the optimum 
amount loaded. For polybutadiene, this window corre- 
sponds to 15-200 fmol, with an optimum at 70 fmol 
loaded. An attempted analysis of polyisoprene 144,800 
proved unsuccessful, as did an analysis of polybuta- 
diene 400,000. It is likely that, as the polymer molecular 
weight increases, an increasing number of matrix mol- 
ecules are required to isolate the polymer molecules 
and/or  reduce polymer entanglement. In addition, high 
mass molecules probably require more energy for a 
phase transition during the desorption process, which 
would require a greater number of matrix molecules 
per analyte molecule involved in the process. Note that 
the molecular weight limits are significantly different 
for these two polymers, even though they bear similar 
polydispersities. Therefore, there appears to be a strong 
influence of polymer type on ionization efficiency, 
desorption efficiency, and/or  cocrystallization with the 
matrix. 
Finally, the molecular weight results obtained by this 
MALD] method are compared to those obtained by 
GPC (as provided by the suppliers). Tables 1 and 2 list 
the data for several polyisoprenes and polybutadienes, 
respectively. All MALDI data are reported as the aver- 
Table 1. Comparison of GPC and MALDI molecular weight 
results for polyisoprenes 
Sample GPC (M~/PD) MALDI (Mn/PD) 
PI 08281 a 10,500/1.03 10,600/1.009 
PI 16202 a 19,300/1.04 18,480/1.005 
P588-1p b 38,500/1.03 36,790/1.005 
PI 17790" 57,726/1.04 53,120/1.005 
P589-1p b 84,200/1.03 74,990/1.007 
P233-1p b 137,000/1.06 140,400/1.003 
aFrom Polysciences. 
bFrom Polymer Source. 
age of three measurements. Although there is a reason- 
ably good correlation between the GPC results and the 
MALDI results, discrepancies in absolute values are 
nevertheless noted for some samples. Differences as 
high as 18% in M, are observed. Similar observations 
have been made for a number of other polymer/matrix 
systems as well [5, 6, 8]. The discrepancy may arise from 
two sources, namely calibration of GPC chromatograms 
and sampling in MALDI. Because the GPC calibration 
performed for these samples relies on a set of polymer 
standards of the same type, the absolute molecular 
weight values of the standards must be known to high 
accuracy. Such a calibration can introduce a large error. 
Although the actual error for an individual polymer is 
unknown, the error can be as high as +10% for the 
polydienes used in this study, according to one supplier 
(Polymer Source Inc.). Errors can also be introduced in 
the MALDI measurement. The MALDI molecular 
weight distribution may correspond to a truncation of 
the true polymer distribution, in that only the most 
abundant oligomers are represented. If this is indeed 
the case, for a symmetrical distribution, the measured 
Mn remains relatively accurate, but Mw would be too 
low. For a nonsymmetrical distribution, both values 
would be in error. This serves as additional justification 
for the proposal by Jackson et al. that the molecular 
weight of the most abundant species in the distribution 
(modal mass, Mm) be used in the description of polymer 
data obtained by MALDI [31]. This value would have 
the least amount of error associated with it in the 
analysis of polymers of narrow polydispersity. 
Conclusions 
A MALDI method has been developed for the molecu- 
lar weight determination of narrowly polydispere po- 
Table 2. Comparison of GPC and MALD1 molecular weight 
results for polybutadienes 
Sample GPC (Mn/PD) MALDI (M,/PD) 
P379-Bd a 6200/1.03 5600/1.013 
P273-Bd e 13,400/1.03 11,780/1.006 
PB17642 b 22,430/1.07 22,510/1.003 
P615-Bd a 129,360/1.03 109,220/1.004 
P490-Bd a 315,200/1.04 271,500/1.001 
aFrom Polymer Source. 
bFrom Polysciences. 
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lybutadienes with masses up to 300,000 u and polyiso- 
prenes with masses up to 150,000 u. The requirement of
increasing the matrix-to-analyte ratio as the polymer 
molecular weight increases determines the upper mass 
limit. A MALDI instrument providing high detection 
sensitivity in conjunction with the use of a sensitive 
sample preparation method might extend the upper 
mass limit further. Unique cation adduction behavior is 
observed in the analysis of these polydienes of narrow 
polydispersity. In addit ion to the principal distr ibution 
from [polymer+Cu] + or [polymer+Ag] ÷,a second dis- 
tr ibution arising from [polymer+Cu(copper matrix 
salt)] + or [polymer+Ag(si lver matrix salt)] +, is gener- 
ally observed. With the use of CuC12 as the cationization 
reagent, an addit ional distr ibution from [po lymer+Cu 
(CuC1)] + is obtained. These secondary distributions 
could potentially overlap with actual distributions of 
impurities. Thus, the amount  of structural or composi- 
tional information that can be deduced from a MALDI 
spectrum could be compromised. The additional distri- 
butions could also affect the measurement of average 
molecular weight and limit the oligomer mass resolu- 
tion. 
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